Nucleotide sequence analysis of the Bombyx moni nuclear polyhedrosis virus (BmNPV) with BmP35Z was similar to that for wild-type-infected larvae, and significant numbers of polyhedral inclusion bodies were produced. These results indicate that viral factors (or genes) other than p35 or host cell factors play a role in inducing, accelerating, or interfering with apoptotic processes. The evolution of baculovirus genomes is also discussed with reference to comparative analysis of the p35 and p94 gene sequences. The p94 gene is found immediately upstream of p35 in AcNPV; in BmNPV, however, the p94 gene was nearly completely missing, presumably because of large deletions in a BmNPV ancestor virus having a gene similar to the AcNPV p94 gene.
protein synthesis and the percentages of viable BmN cells remaining following infection with either wild-type BmNPV or BmP35Z were nearly identical. BmP35Z also replicated in silkworm larvae without showing any apparent apoptotic response in infected hemocytes, fat body, or other tissues. Time to death of larvae infected with BmP35Z was similar to that for wild-type-infected larvae, and significant numbers of polyhedral inclusion bodies were produced. These results indicate that viral factors (or genes) other than p35 or host cell factors play a role in inducing, accelerating, or interfering with apoptotic processes. The evolution of baculovirus genomes is also discussed with reference to comparative analysis of the p35 and p94 gene sequences. The p94 gene is found immediately upstream of p35 in AcNPV; in BmNPV, however, the p94 gene was nearly completely missing, presumably because of large deletions in a BmNPV ancestor virus having a gene similar to the AcNPV p94 gene.
Nuclear polyhedrosis viruses (NPVs), a subfamily of the family Baculovindae, are characterized as viruses with enveloped virions and circular double-stranded DNA genomes. Baculoviruses are currently used as efficient vectors for expression of foreign genes in insect cells and larvae (16, 17, 19, 27) and have potential for agricultural pest control (5) , especially when speed of insect killing is increased by using recombinant DNA technology (25, 36, 37) .
Gene expression of baculoviruses is temporally regulated during replication and is classified into at least three phases, immediate-early (or early), late, and very late (for a review, see reference 35) . Immediate-early genes are transcribed by the host RNA polymerase II, while late and very late genes are believed to be transcribed by a virus-encoded RNA polymerase, which is a-amanitin resistant (8) . Baculovirus genomes are considered to encode about 100 genes, and several viral structural and regulatory genes have been identified and characterized (35) . Autographa californica NPV (AcNPV) is the best-characterized baculovirus at the molecular level. Recently, a gene (p35) which prevents virus-induced apoptosis has been found in the AcNPV genome by its accidental deletion during routine expression vector screening (2) .
Apoptosis is thought to be an active, intrinsically programmed phenomenon that is involved in controlled, selective, and biologically meaningful deletion of cells (11) . Apoptosis was observed in SF-21 cells infected with vAcAnh, a mutant AcNPV with a deletion in the p35 gene (2) . The p35 gene of AcNPV is characterized as an immediate-early gene on the basis of its positive transcription in the presence of cycloheximide (4) . Sequences between 55 and 155 bp upstream of the translational start of the AcNPV p35 gene are necessary for normal transcription during an immediateearly stage of infection (29) . Deletion and site-directed mutagenesis experiments further indicate that GC and CGT motifs in a 60-bp region (between 30 and 90 bp from the transcriptional start) potentiate the basal promoter element (TATA box) that directs immediate-early gene transcription (3) . The AcNPV p35 gene also possesses a TTAAG sequence 32 bp upstream of its translational start, which is a consensus sequence ([A/T/G/]TAAG) of baculovirus late gene promoters (31, 33, 34) .
DNA hybridization and direct sequence analyses reveal that the gene organization of NPVs is conserved, although deletions, insertions, and/or inversions have been found in a few genes (for a review, see reference 1). The genomes of AcNPV and Bombyx mon NPV (BmNPV) (9, 10, 21, 22, 28) are highly homologous, as determined from genomic hybridization experiments (23) and direct sequence comparisons. However, BmNPV and AcNPV exhibit different phenotypic characteristics, such as host specificity (12) . Given these unique characteristics, our group has studied the host range determinants of baculoviruses at the DNA level.
To study the mechanisms of baculovirus-induced apoptosis and its relationship to host specificity, a gene corresponding to AcNPV p35 was identified in the BmNPV genome by sequence analysis. (20) . Cell viability was determined by staining with 0.04% (final concentration) trypan blue in culture medium. Chromatin degradation was determined as described by Clem et al. (2) .
Larvae of the silkworm B. mon were reared on artificial diet at 27°C (23) . Synchronized fourth-and fifth-instar larvae were subjected to viral infection by injection of 10 ,ul of a viral suspension containing 5 x 105 PFU as described previously (20, 22) . Production of polyhedra in larvae and cell morphology of infected hemocytes, fat body, and other tissues were examined with a light microscope after dissection and bleeding at 24-h intervals.
Identification and sequencing of the BmNPV p35 gene. The BmNPV p35 gene was speculated to be located in the BmNPV BamHI D fragment (see below). To determine the nucleotide sequence ofBamHI-D, either the entire BamHI D fragment or a part of it was inserted adjacent to a nonessential lambda DNA fragment, which was inserted into the multiple cloning region of a pUC-derived plasmid (pTZ18R; Pharmacia LKB, Piscataway, N.J. were propagated, isolated, and sequenced by using an appropriate pUC primer by the dideoxy-chain termination method as described previously (21) . The structure of a typical plasmid is represented by pBd2Oa in Fig. 1 .
Nucleotide sequencing data were analyzed on a microcomputer, using the DNASIS and PROSIS programs (Hitachi America, San Bruno, Calif.) as described previously (21) .
Isolation of a BmNPV mutant with a deletion in the p35 gene. The p35 gene of BmNPV was inactivated by homologous recombination of wild-type BmNPV DNA with a plasmid, pP35LacZ, containing a P-galactosidase gene driven by a Drosophila heat shock promoter (hsp7O) (Fig. 1) . The hsp7O promoter was used because of its relatively strong promoter activity in lepidopteran cell lines regardless of heat induction (38) . The strategy for construction of pP35LacZ is shown in Fig. 1 by using standard procedures as described previously (21, 23, 25, 26) . All of the constructions were based on the pUC-derived plasmids pTZ18R and pTZ19R (Pharmacia LKB). The 
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C .3219 (23) (Fig. 2A and B) . A physical map of BamHI-D for several restriction endonucleases is shown in Fig. 2B . Homology analysis of the p35 genes and flanking regions of BmNPV and AcNPV is shown in Fig. 2C . In this region (BmNPV 82.9 to 85.4 m.u.), AcNPV has three open reading frames (ORFs) (ORF5, p94, and p35) (4, 30) and a region of homologously repeated sequences (hr5) (6, 14) . In BmNPV, sequences corresponding to ORF5, p35, and hr5 were found ( Fig. 2B and C; data not completely shown); however, most sequences corresponding to the p94 gene were missing (Fig. 2B  and C) .
Sequence analysis of the BmNPV p35 gene. Figure 3 (4) . Both the BmNPV and AcNPV p35 ORFs are 897 bp long. A 65-bp insertion, which seemed to be caused by partial duplication (arrowhead in Fig. 2C; Fig. 3 Fig. 3 ) of the BmNPV p35 gene was nearly identical (97.2%) to the corresponding AcNPV region (Fig. 3) . A typical baculovirus immediate-early gene motif (TATA/CAGT) (1), however, was not found in the 5' region. A TTAAG sequence was found 32 bp upstream (nt 459 in Fig. 3 ) of the putative translational start site of the BmNPV p35 gene at a position identical to that of AcNPV p35.
The 3' regions of the BmNPV and AcNPV p35 genes were about 95.4% conserved (excluding deletions). A putative poly(A) signal was found in BmNPV at a position (nt 1386 in Fig. 3 ) which was identical to that of the AcNPV p35 gene (4) .
The nucleotide sequence of the BmNPV p35 gene showed 96.1% sequence identity to the AcNPV p35 gene (Fig. 3) . Thirty-five nucleotide substitutions between the BmNPV and AcNPV p35 genes generated 28 amino acid substitutions, resulting in 89.6% amino acid sequence identity ( Fig.  3 and 4) . Two of the 28 amino acid substitutions in BmNPV p35 resulted in amino acids with characteristics significantly different from those of AcNPV p35 (Fig. 4) . The predicted BmNPV p35 protein was 298 amino acids in length with an estimated molecular mass of 34,779 Da. Hydrophobic secretion and membrane-anchoring sequences were not found.
The amino acid substitutions appeared to occur randomly, although substitutions were not found in amino acids 13 to 61, 95 to 131, and 149 to 195 (Fig. 4) .
Sequence analysis of p94. Homology dot plot analysis indicated that two large deletions of 1,730 and 536 bp occurred in the region of the BmNPV genome corresponding to the AcNPV p94 gene (Fig. 2C) Fig. 3 ) and corresponded to about threefourths of the AcNPV p94 gene coding region beginning 31 bp upstream of the AcNPV p94 gene translational start (Fig.  2C) . The 536-bp deletion was found 393 bp upstream of the putative translational start site of BmNPV p35 (nt 94 in Fig.  3 ), i.e., immediately downstream of the 151-bp homologous sequence (Fig. 3) , and ended 24 bp before the translational stop of the AcNPV p94 gene (Fig. 2C and 3 [18] ). When observed under light microscopy, cells distal to the center of the plaque appeared to be uninfected; they were, however, stained blue, indicating that 3-galactosidase was synthesized and rapidly released, possibly as a result of lysis of apoptotic bodies. However, when plaques were visualized with an overlay containing neutral red, the actual plaque area (nonstained, dead cells) was the same as in other BmNPVformed plaques (data not shown).
Infection of BmP3SZ in BmN cells. Light microscopic observation revealed gross morphological differences in mock-infected and virus (BmP35Z and BmNPV T3)-infected BmN cultures by 24 h p.i. (Fig. 5) . Cytopathic effects typical of normal baculoviral infection were observed in both infections beginning around 10 h p.i.; the morphology of BmN cells infected with either virus was indistinguishable prior to 16 h p.i. By 17 h p.i., small protrusions which eventually matured into apoptotic bodies were seen in less than 1% of BmP35Z-infected cells. By 24 h p.i., this process intensified and at least 10% of the BmP35Z-infected cells were in some stage of blebbing (Fig. SD) , which is a characteristic of the initial phase of apoptosis (11) . By 36 h p.i., about 15% of BmP35Z-infected cells were blebbing, and immature PIBs were faintly visible in about 5% of the cells. Cell aggregation was also observed; however, aggregation was apparent only in completely undisturbed cultures because of the weak attachment of infected BmN cells to the culture surface after about 36 h p.i. By 48 h p.i., the proportion of blebbing cells increased to about 30%, and mature PIBs were seen in about 10% of the cells (Fig. SF) . By 72 h after BmP35Z infection, mature PIBs were observed in about 20% of the cells, and about 70% of the cells appeared to have gone through the blebbing process (or were in the process of blebbing). Cell debris and free PIBs indicative of cell lysis or rupture were also observed (Fig. SH) .
The blebbing process was not observed in wild-typeinfected cells at any time during the infection cycle (Fig. SC , E, and G). In BmNPV T3-infected cells, immature PIBs were observed in about 25% of cells at 36 h p.i. The percentage of BmNPV T3-infected cells showing PIBs progressively increased until 72 h p.i., at which time PIBs were observed in greater than 90% of the cells (Fig. SE and G) .
The blebbing process was not uniform. Some cells were able to form spherical subcellular (apoptotic) bodies in less than 1 h following the initial observation of blebbing, while other cells were not able to pinch off the apoptotic bodies, which subsequently elongated and remained attached to the mother cell for periods of over 12 h. Still other cells formed numerous smaller spherical bodies, while others formed only one or two larger ones. All of the apoptotic bodies were morphologically distinct from the infected cells; they were very smooth and translucent, and they excluded trypan blue. Regardless of the number or type of subcellular bodies formed, most cells that underwent the blebbing process did not appear to completely disintegrate (48 h p.i.), and a small core of cellular mass including an apparently intact nuclear membrane remained. This core cell was generally more damaged in appearance than were BmNPV T3-infected cells but was still able to exclude trypan blue. The percentages of trypan blue-excluding cells remaining following infection with either BmP35Z or BmNPV T3 were nearly identical prior to 48 h p.i., at which time about 70% of cells infected with either virus excluded trypan blue. At 36 h p.i., Clem et al. (2) found about 98% viability in wild-type AcNPVinfected SF-21 cells and less than 7% viability in vAcAnhinfected SF-21 cells, as judged by trypan blue exclusion. Furthermore, chromatin degradation was not observed in BmP35Z-or BmNPV T3-infected BmN cells at 48 h p.i. (data not shown).
The viral growth curve of BmP35Z was very similar to that of BmNPV T3 (Fig. 6) . Both viruses reached a plateau maximum of about 2 x 108 PFU/ml at about 48 h p.i. However, between 12 and 36 h p.i., BmP35Z seemed to replicate more slowly than did BmNPV T3.
Protein synthesis of BmP35Z-infected cells. Protein synthesis in infected cells, which can be an indicator of cell viability, was examined at various times p.i. by SDS-PAGE following pulse-labeling. The pattern of protein synthesis in BmP35Z-infected BmN cells was very similar to that of BmNPV T3-infected BmN cells (Fig. 7) . By 12 h p.i., several putative virus-specific bands were observed, and beginning around 24 (15) . The promoter regions between the p35 genes of BmNPV and AcNPV were very similar except for a 65-bp insertion by partial duplication (Fig. 2C and 3 (10, 18, 32) , and polyhedrin (77.0 and 86.1%) (10, 22) .
Almost all sequences corresponding to the p94 gene region of AcNPV were missing in BmNPV as a result of two large deletions. The deletions were hypothesized on the fact that a 151-bp fragment with high (96%) homology (without insertions and deletions) to AcNPV p94 was retained in a region between the p35 and ORF5 genes of BmNPV which corresponds to the location of the AcNPV p94 gene. These results indicate that the putative deletions occurred recently in the evolutionary history from an ancestor gene similar to the AcNPV p94 gene.
BmNPV and AcNPV have high genome homology (24) yet exhibit completely different host specificity characteristics. We have previously shown that because of this high homology, recombination occurs frequently between BmNPV and AcNPV in coinfected SF-21 cells (12) . Studies of apoptotic processes in two different host cells, BmN and SF-21, using BmNPV and AcNPV recombinant viruses with and without the p35 gene will allow the identification of viral genes or host cell factors that are involved in apoptosis. These types of studies will also be of interest with regard to understanding host defense mechanisms against viral infection, host specificity determinants, and replication strategies of baculoviruses in general.
